In this paper, a high-performance nanostructured NiCrC alloy coating was synthesized by HVAF spraying of nanostructured feedstock powder, which was prepared using cryogenic ball milling (cryomilling) method. The morphology and microstructure of the powder and coating were characterized by metallographic microscope, scanning electron microscope and transmission electron microscope. A Vickers microhardness tester was employed to determine the mechanical properties of the coating. The corrosion resistance was tested with thermogravimetric method, and the thermal stability of the coating was examined as well. The experimental results indicated that the nanostructured NiCrC coating possessed a very dense and uniform microstructure and exhibited sufficient thermal stability during long time heat treatment. Furthermore, the mechanical and anti-corrosion properties were enhanced so much compared with its conventional coarse-grained counterpart. The excellent performances make this HVAF sprayed nanostructured coating a hopeful candidate for improving boiler tubes protection.
Introduction
High temperature corrosion and erosion of heat transfer pipes in coal fired boilers, such as tubes for superheaters and waterwalls, are recognized as a severe problem, resulting in tube thinning and premature failure. 1, 2) Attempts to decrease the maintenance costs of these components have increased interest in shielding them with protective coatings, such as thermal sprayed nickel-or iron-based alloy coatings. 3, 4) Nanostructured (or nanocrystalline) materials, usually characterized by a microstructural length scale in the 1-200 nm regime, have received considerable interest for the superior properties to their conventional coarse-grained counterparts, such as increased hardness and strength, improved ductility, enhanced corrosion and wear resistance. 5, 6) Cryomilling, the mechanical attrition of powders within a cryogenic medium, is a recently developed method to synthesis nanostructured metallic or cermet powder. 5, 7) Nanostructured bulk and coating materials using the cryomilled powders as precursors have exhibited encouraging results in improving material properties. 7, 8) The high velocity oxy/air-fuel (HVOF/HVAF) process is one of the most popular thermal spraying technologies and has been widely adopted by many industries due to its flexibility, cost effectiveness and superior quality of the coatings produced.
9)
The characteristics of ultra high flying velocity and relatively low temperature for injected feedstock powders favor depositing of nanostructured coatings, 6, 10) as the nanofeatures of the powders could remain well after the spraying process. HVOF/HVAF sprayed nanostructured coatings have prove great success in improving the performances of existing material systems, and are believed to be one of the most possible ways for commercial applications of nanomaterials.
High chromium content nickel based alloy, as a widely used corrosion resistant coating material, possesses good ability against oxidation, sulfur induced corrosion and hot corrosion. 11, 12) A continuous Cr 2 O 3 scale forms on the surface of the alloy with high bond strength when chromium content reaches the critical value, which protects the alloy from deterioration. Besides, chromium has a strong ability to form chromium carbide, which effectively strengthens the matrix. Then Ni-Cr-C alloys with high corrosion and wear resistance together will be obtained only if the Cr/C ratio is optimized. Accordingly, a high Cr content Ni based alloy with addition of C element was selected in this study.
In the present paper, a nanostructured NiCrC alloy coating is prepared via HVAF technique, using cryomilled alloy powder as the feedstock. The microstructure, mechanical properties, thermal stability, and corrosion resistance of the nanostructured material is investigated, aiming to explore the potential of applying nanostructured coatings for boiler tubes protection during high-temperature service.
Experimental
Nanostructured NiCrC feedstock powder was produced by ball milling a slurry of gas-atomized alloy powder in liquid nitrogen. The milling was carried out in a self-made attritor with a stainless steel vial and bearing steel balls (with 6.4 mm diameter) at a rate of 200 rpm. The ball-to-powder ratio was 25 : 1. After 20 h of milling, the as-cryomilled powder was removed from the attritor and used as feedstock powder for the following HVAF process. Specifications of both the as-atomized and as-cryomilled powders are listed in Table 1 .
An Intelli-Jet Activated Combustion High Velocity Air-Fuel (AC-HVAF) spraying system of UniqueCoat technologies was used to deposit the coating onto medium steel coupons under a range of spray conditions, with propane as the fuel gas and nitrogen as powder carrier gas. For the purpose of comparison, conventional coarse-grained NiCrC coating was also fabricated by HVAF process with the identical spray parameters, using the as-atomized powder as the feedstrock.
Microstructure of the nanostructured NiCrC coating was characterized using a LEICA DMR metallographic microscope, a ZEISS SUPRA55 field emission scanning electron microscope and a HITACHI H-800 transmission electron microscope. TEM disc-shape specimen of the coating was prepared by mechanical polishing and ion-beam thinning of a flake-shape coating material, which was cut off from the substrate. Microhardness and fracture toughness examinations were performed on a LEICA VMHT 30M machine using 3-10 N loads with the dwell time of 15 s. Heat treatment and high temperature corrosion tests of the coating samples were conducted in a muffle furnace in static air at atmospheric pressure.
Results and Discussion
Figure 1(a) shows the morphology of nanostructured NiCrC alloy powder cryomilled for 20 h. The majority of the particles exhibit irregular shapes. During the milling process, continuous welding and fracturing happened to the particles, which were caused by collisions between milling balls and the powder. Meanwhile the microstructure also experiences significant changes, leading to gradual refinement of grain size and finally the forming of nanocrystalline grains. 7, 13) Figures 1(b) and (c) display the cross-sectional microstructure of as-sprayed nanostructured NiCrC coating in different magnification, which reveals a compact and homogeneous structure. The porosity and thickness of the coating were measured from more than ten metallographic images with the software ImageTool, and the results were 0.09% for porosity and about 530 mm for coating thickness. A typical lamellar structure can be seen from Fig. 1(c) ; however distinguished splat boundary can hardly be identified. There are very fine chromium carbide particles uniformly distributed in the NiCr matrix. Though the carbide phase takes a great portion of this material, it is hard to discern a single one under this magnification. According to the XRD analysis, carbide existing in NiCrC powder and coating was in the form of Cr 7 C 3 . Figure 2(a) shows the TEM bright field image and the corresponding diffraction ring pattern (inset at the upright corner) of the nanostructured coating, which has a uniform and nano-scale microstructure with most of the grains appearing equiaxed. The grain size measured from the TEM photos concentrated in the range of 30-50 nm, and the average value obtained by mean linear intercept method was 40.9 nm from 135 grains. The consistent distribution of grain size indicated that the nanocrystalline character of both metal matrix and chromium carbide from the cryomilled powder was well preserved after the HVAF process.
The microhardness of coating was measured from 25 positions uniformly distributed on the coating cross section, and the average value was 727.5 HV0.3 for nanostructured NiCrC coating. In addition, microhardness of HVAF sprayed conventional NiCrC coating was also tested for comparison, and the result was 456.6 HV0.3. Accordingly, there was an increase in hardness by 59% for nanostructured NiCrC Note: X(number) denotes the particle diameter corresponding to the cumulative distribution of (number)%. coating compared with its conventional counterpart. The abrasion resistance of thermal sprayed coatings is related to the relative fracture toughness. 14) The indentation fracture method is employed here to characterize the relative fracture toughness of both the HVAF sprayed nanostructured and conventional NiCrC coatings. Under a load of 5 N, no crack was found in either of the coatings. When the load was increased to 10 N, a slight crack along splat boundaries could be observed in some locations of the conventional coating, whereas no trace of cracking appeared in the nanostructured coating. The optimized mechanical properties of nanostructured coating were attributed to the inherent superiority of nanostructured material and the compact and homogeneous microstructure of the HVAF sprayed nanostructured coating.
In order to examine the thermal stability of coating for high temperature service, the microstructural evolution in nanostructured NiCrC coating during long time heat treatment was studied by TEM. The treating temperature was chosen between 550 C and 650 C, which is the working condition for most boiler tubes. Figures 2(b) and (c) show the representative TEM bright field images of nanostructured NiCrC coating heat treated at 550 C and 650 C respectively for 160 h. Microstructure of the heated samples was found to be relatively uniform, manifested mainly by regions of recrystallization and grain growth. The average grain size, obtained by mean linear intercept method from more than 200 grains in TEM images, was 61.6 nm and 80.6 nm for coating treated at 550 C and 650 C respectively. The high thermal stability of this nanostructured coating was primarily attributed to a Zener pinning mechanism, 15, 16) which arose from the fine Cr 2 O 3 dispersions formed during the cryomilling process, and the solute drag effect 17) as well. The cryomilling-induced forming of Cr 2 O 3 phase was indicated by the XRD and TEM results, and details concerning the thermal stability of nanostructured NiCrC coating will be published elsewhere. The microhardness test was also performed on the heat treated coating samples. The results were 696.1 HV0.3 and 726.9 HV0.3 corresponding to coating treated at 550 C and 650 C respectively. Accordingly, the hardness of nanostructured NiCrC coating kept a high value after long time heat treatment. It is worth noting that the coating heated at 650 C exhibited larger grain size and higher hardness simultaneously. This was primarily attributed to the enhanced strengthening effect of carbide precipitation at increased temperature, within the form of Cr 7 C 3 þ Cr ! Cr 23 C 6 . Further experimental research is under conduction.
High temperature corrosion experiments were conducted on nanostructured NiCrC coating at 550 C and 650 C separately for 160 h. The tests were also performed on the conventional NiCrC coating as well as ASTM1020 steel (which is usually employed as boiler tube material) coupons for comparison. The specimens were mechanical polished down to 400 grit sand paper, and applied with a camel hairbrush on the preheated samples (150 C) to gain a uniform thickness of salt film with 30-50 g/m 2 of Na 2 SO 4 -30% K 2 SO 4 (in molar ratio). The weight change measurements were taken at an interval of 20 h using the electronic balance (METTLER TOLEDO XS105DU) with a sensitivity of 0.1 mg. Figure 3 shows the thermogravimetric data for the corroded coating and steel samples in the form of a graph between weight gain per unit area versus time. After 20 h, the weight change of both the coatings reached a relatively stable state, and seemingly no increase in weight was continuing.
Meanwhile the weight gain of steel samples kept going at a rapid speed, and the values were one or two orders of magnification of those for coating samples. This result well illustrated the corrosion protecting effect of the NiCrC coatings. At both testing temperatures, weight gain values of nanostructured coating were about half of those for conventional samples. According to the XRD, SEM and EDS analysis, the excellent corrosion resistance of NiCrC coatings resulted from the continuous and dense Cr 2 O 3 scale formed on the coating surface during corrosion process, especially for the nanostructured coating, which formed a more uniform and denser Cr 2 O 3 scale rapidly.
Conclusions
A nanostructured NiCrC alloy coating was successfully prepared by HVAF technique with cryomilled powder as the feedstock. The nanostructured NiCrC coating exhibited a very compact and homogeneous microstructure and possessed increased hardness, improved fracture toughness, and enhanced high temperature corrosion resistance compared with its conventional coarse-grained counterpart. In high temperature environment, the coating showed a good thermal stability, keeping grain size in the nano-scale and remaining a high hardness after long time heat treatment. These results suggest the HVAF sprayed nanostructured NiCrC coating as a hopeful candidate for improving boiler tubes protection.
